We report the subnanometer cryo-electron microscopy (cryoEM) reconstruction of a marine siphovirus, the Vibrio phage SIO-2. This phage is lytic for related Vibrio species with significant ecological importance, including the broadly antagonistic bacterium Vibrio sp. SWAT3. The three-dimensional structure of the 800 Å SIO-2, icosahedrally averaged head of the tailed particle revealed a T = 12 quasi-symmetry not previously described in a bacteriophage. Two morphologically distinct types of auxiliary proteins were also identified; one species bound to the surface of hexamers, and the other bound to pentamers. The secondary structure, evident in the electron density, shows that the major capsid protein has the HK97-like fold. The three-dimensional structure of the procapsid form, also presented here, has no ''decoration'' proteins and reveals a capsomer organization due to the constraints of the T = 12 symmetry.
INTRODUCTION
A variety of data indicate that dsDNA bacteriophages are the most abundant biomaterial on earth (Hendrix, 2002; Suttle, 2007) . It is estimated that a mole of these bacteriophages infect their hosts every second. What's more, a common ancestor was infecting hosts before the separation of the three domains of life more than 3 billion years ago (Bamford et al., 2005; Hendrix, 1999) . As a replicating entity, these viruses have had ample opportunity to explore virtually every niche of evolutionary space and have converged on a general assembly and maturation strategy that is recognizable in all dsDNA bacteriophages that have been investigated to date as well as in the animal herpesviruses (Baker et al., 2005; Duda et al., 2006; Johnson, 2010) . Superimposed on the general principles are a variety of nuances that flavor the study of bacteriophages with interesting tangents readily discerned by structural studies (Wikoff et al., 2000) . To our knowledge, among the more novel bacteriophages recently investigated is the Scripps Institute of Oceanography-isolate 2 (SIO-2) that infects the marine bacteria Vibrionales Vibrio sp. SWAT-3. It was shown that the SIO-2 host plays a significant role in structuring the bacterioplankton community, with farreaching ecological implications (Long and Azam, 2001) .
SIO-2 is a siphovirus with an 80,000 base genome, packaged in an 800 Å particle. Here, we report the subnanometer structure of the SIO-2 mature particle and show that it contains, to our knowledge, a novel T = 12 quasi-equivalent surface lattice. In addition to the major capsid protein, there are two additional prominent gene products in the capsid, one bound to the hexamer capsomers and the other bound to the pentamers. SIO-2 undergoes maturation, as do all other dsDNA bacteriophages investigated, and we also determined the 15 Å resolution structure of the round, 600 Å procapsid. Maturation creates the binding sites for the auxiliary proteins that are only present in the faceted mature particle. The quasi-symmetry of SIO-2 has not been previously seen in bacteriophages, and the positioning of capsomers required for this surface lattice places quasi-hexamers on icosahedral twofold and threefold axes, constraining these capsomers in the mature and procapsid in a manner not previously observed.
RESULTS
Purified SIO-2 phage were isolated from a host culture and examined with transmission electron microscopy (EM) under frozen hydrated conditions (Figure 1 ). SIO-2 particles exhibited thin angular capsid shells packed with double-stranded DNA (dsDNA). Bi-lobed decoration proteins were seen projecting from the smooth capsid surface in the raw images. The SIO-2 phage tail is 2090 Å in length, flexible, and occupies a fivefold vertex of the particle. SIO-2 capsid particle densities were extracted from the raw images and a three-dimensional (3D) reconstruction was computed. Icosahedral symmetry was applied during the reconstruction (the tails were averaged with other fivefold vertices and are not visible in the reconstructions) in order to maximize the signal in the raw images, resulting in electron density resolvable to subnanometer resolution (Figures 2 and 3 ). The capsid protein resolution was calculated by the Fourier shell correlation at 0.5 as 8.5 Å (Harauz and Van Heel, 1986; Sousa and Grigorieff, 2007) . This statistics-based resolution estimate suffers due to disordered dsDNA within the capsid. The ordered protein details are consistent with electron density at subnanometer resolution, with clearly visible secondary structural elements (Figure 3) .
The 800 Å capsid shell exhibits T = 12 quasi-symmetry (Figure 2) (Caspar and Klug, 1962) with two, structurally distinct, classes of decoration proteins-one class that binds specifically to the pentamer subunits and the other class localizing to the center of the hexameric capsomers. The quality of the reconstructed electron density enables clear delineation of the boundaries between the decoration protein and the capsid shell, as well as intersubunit boundaries within the icosahedral subunit. A genomic analysis of SIO-2 performed in parallel (Baudoux et al., 2012) was unable to make gene assignments for the decoration proteins but characterized the major capsid protein to be the product of gene 84, corresponding to a 29 kD band on an SDS-PAGE gel of purified particles. The segmented subunit density agrees well with the fold observed in HK97 (Helgstrand et al., 2003) and many other bacteriophages (Agirrezabala et al., 2007; Baker et al., 2005; Fokine et al., 2005; Jiang et al., 2008 Jiang et al., , 2006 Morais et al., 2005; Wikoff et al., 2000) , displaying A) An isosurface representation of the SIO-2 virion viewed down the twofold axis (VIPER orientation) at a sigma level of 1.5. The surface is colored radially from the center (red) of the capsid to the exterior (blue). The density corresponding to the disordered hexameric decoration proteins were computationally segmented and low-pass filtered so that their overall shape and dimension could be observed in the context of the higher resolution capsid surface. One icosahedral face of the capsid is outlined by a triangle, with the fivefold, threefold, and twofold axes labeled with a blue pentamer, yellow triangle, and orange oval, respectively. (B) Central section through the virion reconstruction using a grayscale representation in which the weakest density is white and the strongest is black. The virus dimensions across the twofold, threefold, and fivefold axes are 90.5, 91, and 86 nm, respectively. Densities corresponding to the pentameric and hexameric decoration proteins are marked, and the disordered nature of the double-layered hexameric protein can be observed.
an overall triangular shape with a 40-Å -long helix traversing much of the subunit.
The two classes of decoration proteins bind to either 5-fold or quasi-6-fold capsomers. They are specific in their geometric selection ( Figure 4 ) and strikingly different in their appearance and mode of interaction with capsid subunits. The hexamer-binding decoration proteins attach to the very central portion of the capsomer, and the observed electron density is consistent with interactions that take place via extended helices that insert into the hexamer central cavity. The capsomer interaction portion of this decoration protein is 6-fold symmetric, while the rest of the protein is not. The helical densities of the decoration protein converge to a bundle about 20 Å above the capsid surface and then blossom into two sequential mushroom-shaped clouds ($65 Å in diameter) roughly 40 and 80 Å above the hexamer surface ( Figure 2 ). While these characteristic mushroom-like features are clearly visible in raw images (Figure 1 ), their reconstructed densities were not resolvable to the same degree as the capsid density, indicating that these densities either do not adhere to the icosahedral symmetry or are somewhat flexible.
The five pentamer-binding decoration proteins located at 11 of the 12 icosahedral vertices (the tail occupies the 12th) were readily segmented from the averaged density and have secondary structure features consistent with an immunoglobulin-like (Ig-like) fold ( Figure 5 ). These proteins interact with individual pentamer subunits without invading the central pentamer cavity or mediating interactions between pentamer subunits. Effectively, they add an Ig-like domain to the pentamer subunits with no indication of adding stability to the capsid.
The cryo-electron microscopy (cryoEM) micrographs also exhibited a small percentage of particles that were small and spherical, with thick shells and lacking tails. These characteristics are consistent with prohead particles-immature SIO-2 phage that have not undergone genome packaging and capsid expansion. The prohead particles lacked decoration proteins when viewed in the raw micrographs or reconstructed density. The prohead particles were boxed, and a 3D reconstruction was computed. Due to the small number of particles contributing to the reconstruction, the resolution was 15 Å , but the capsid subunits making up the pentameric and hexameric capsomers was clearly delineated. Hexamers are skewed (forming dimers of trimers) in the SIO-2 prophage, with the exception of the capsomers situated on the icosahedral threefold axes. This prophage hexamer is symmetric due to the symmetry constraint imposed by the threefold icosahedral symmetry. A dramatic rearrangement of the capsid proteins accompanies SIO-2 maturation as the subunit dispositions are strikingly different in the procapsid and capsid. DISCUSSION SIO-2 is the first example, to our knowledge, of a bacteriophage exhibiting a T = 12 surface lattice. This rare viral symmetry was observed in lower resolution studies of two viruses belonging to the Bunyaviridae family: Uukuniemi virus and Rift Valley fever virus, which arrange glycoproteins into an icosahedral lattice surrounding a lipid bilayer. (Freiberg et al., 2008; Huiskonen et al., 2009; Overby et al., 2008) . While Uukuniemi virion capsids display variable morphologies that include T = 12 quasisymmetry, Rift Valley fever virus particles exhibit icosahedral symmetry with a capsomer distribution consistent with this surface lattice. T = 12 quasi-symmetry requires hexameric capsomers to occupy threefold and twofold icosahedral symmetry positions. A theory referred to as ''hexameric complexity'' (Mannige and Brooks, 2010) posits that, as the size of the capsid shell increases, the geometric constraints imposed by the pentameric vertices on the organization of the hexamers become more complex. T = 12 symmetry is unfavorable, according to this theory, due to the large variety of intersubunit geometries necessary to achieve this quasi-symmetry. While a direct comparison of the dihedral angles between the SIO-2 capsid subunits is complicated by the elaborate and entangled protein interactions, 
. The Two Families of SIO-2 Decoration Proteins
(A) Side view of an isosurface representation of the hexameric decoration protein (blue) as it is seated at the center of a capsomer. As in Figure 2A , the two disordered mushroom-shaped densities were low-pass filtered to depict their overall shape and size. Capsid density is shown in gray, with DNA in green. (B) Side view of an isosurface representation of the pentameric decoration protein (orange).
Figure 5. The Pentameric Decoration Protein Contains an Ig-like Fold
The crystal structure of an antibody Ig domain (PDB ID: 1a2y) was docked into the extracted density corresponding to a single monomer of the pentameric decoration protein.
as well as only moderate resolution, the particle does reflect an exceptional assortment of capsomer interactions. The capsid strain predicted by the geometric theory, however, is not reflected in the particle strength, as results from stability assays (Baudoux et al., 2012) show that SIO-2 is tolerant of a wide range of chemical, physical, and environmental factors.
Aside from its unusual T number, a striking feature of SIO-2 is the occurrence of two species of decoration proteins protruding from the capsid surface. While some capsids with T = 7 symmetry, such as bacteriophage lambda, have auxiliary capsid proteins (Lander et al., 2008) , experimental observation indicates that all assemblies with a T number greater than 7 involve the attachment of stabilizing auxiliary proteins to complete maturation. SIO-2 incorporates two different proteins on its capsid shell, one that likely strengthens hexamers and one that adds an external domain to pentamers without contributing to their stability. Based on the similarity of the extracted SIO-2 asymmetric subunit to the HK97 crystal structure, it is clear that there are no additional proteins binding between the capsomers, nor has the subunit added a stabilization domain into its tertiary structure as in the P22 subunit through evolution (Parent et al., 2010) . Thus, intercapsomer contacts are not strengthened beyond typical protein-protein interactions, making it plausible that, to our knowledge, this novel quasi-symmetric geometry shifts the stabilization requirements such that the hexamer centers, rather than intercapsomer interactions, must be fortified as observed in phage lambda.
SIO-2 procapsids have one hexameric capsomer per asymmetric unit located on an icosahedral threefold symmetry axis, and, unlike the other hexamers that are skewed in pseudotwofold related trapezoids in the procapsid, this hexamer maintains sixfold symmetry from assembly of the procapsid to maturation. In contrast, the hexamer capsomers on the icosahedral twofold axes show the dimer of trapezoids, as do the hexamers that are unconstrained by particle symmetry (Figure 6 ). While skewed procapsid hexamers are frequently referred to as ''a dimer of trimers,'' this is the first example of twofold icosahedral symmetry being imposed on the skewed hexamer, thereby confirming the terminology. Gertsman et al. postulate that skewing of hexamers is induced by capsomer interactions with the scaffold protein prior to assembly (Gertsman et al., 2009 ). Skewing in HK97 procapsids induces tertiary structure strain that is balanced by the interaction with the subunit scaffold domain prior to assembly. Following assembly, the scaffold domain is released, and the highenergy, strained, tertiary structure is maintained by quaternary interactions in the particle. The strained tertiary structure provides stored energy to make the HK97 procapsid metastable, providing an exothermic energy landscape to drive the quaternary structure changes associated with maturation (Johnson, 2010). If we assume the same scenario for SIO-2, then two of the three hexamers in the procapsid would have strained tertiary structures as in HK97; the hexamer on the threefold axis would, however, have the tertiary structure more like the mature particle. This implies an interesting capsomer dynamic during assembly where the constraints of icosahedral symmetry trump the distortion induced by the scaffolding protein with the possible release of the scaffold protein, loss of distortion in the subunit tertiary structure, and symmetrization of this hexamer. The SIO-2 procapsid is not of sufficient resolution to assert that it is identical to the fully mature hexamer. Again, referring to HK97, the hexamers in the first expansion intermediate are clearly symmetric, but they undergo significant further changes in quaternary organization as the particles proceed down the maturation pathway (Gan et al., 2006; Lee et al., 2005) . Thus, the SIO-2 procapsid hexamer with threefold imposed symmetry may assume a similar intermediate conformation between skewed hexamers and fully mature hexamers.
The pentameric capsomers, which do not contain a central pore that is as large as those observed in the hexameric capsomers, always maintain strict fivefold symmetry. These vertices are likely to have more rigid intersubunit interactions, as their assembly does not require malleable surface associations like the hexamers. As such, structural strengthening at these vertices is unnecessary, yet the pentamer subunits serve as binding sites for decoration proteins. The fivefold symmetric density attached to the pentameric vertices exhibit a beta-sandwich envelope, consistent with an Ig-like domain fold. There are many examples of Ig-like domains in dsDNA phage structural proteins, and although their precise role in the phage life cycle remains uncertain, these domains likely aid in recognition and attachment to the host (Fokine et al., 2011) . While no Ig-like domains are observed in single-stranded DNA or RNA phages, analysis of known dsDNA phage genomes show that approximately 25% encode for at least one Ig-like domain (Fraser et al., 2006) . We hypothesize that, while the mushroom-like proteins binding at sites of local sixfold symmetry aid in stabilizing the capsid architecture, the Ig-like domains attached to the pentameric subunits may participate in cell recognition through a generalized attraction that precedes the tail interaction associated with DNA delivery into the cell.
The SIO-2 phage is a model of evolution's structural workaround, resulting in a stable infectious virion with an unlikely geometry. Further investigation of this virus protein lattice will strengthen our knowledge of protein physics in the context of large macromolecular assemblies. The role that the decoration proteins play in the SIO-2 life cycle will be examined in more detail to determine if the cited hypotheses have merit. A more detailed prophage structure would provide mechanistic understanding of quaternary structure dynamics under symmetryconstrained circumstances.
EXPERIMENTAL PROCEDURES
Phage Isolation and Purification SIO-2 bacteriophage suspensions (180 ml) were recovered from plaque assays, as described elsewhere (Baudoux et al., 2012) . Large cell debris were removed by low-speed centrifugation (10,000 3 g, 30 min at 8 C). followed by filtration through polycobonate filters (0.2 mm, Nuclepore). Phages were pelleted by ultracentrifugation (141,000 3 g, 2 hr at 8 C) and resuspended in 100 ml of 100-kDa-filtered autoclaved seawater (FASW). Phages were purified through a linear sucrose gradient (10%-40% in FASW) centrifugation (40,000 3 g, 1 hr at 8 C), and the phage band was extracted with a sterile syringe. The purified phage were diluted in FASW and pelleted by ultracentrifugation to remove the sucrose and concentrate the sample (141,000 3 g, 2 hr at 8 C). The pellet was gently resuspended in 50 ml of FASW and stored at 4 C until EM analysis.
CryoEM
Purified SIO-2 phage particles were prepared for cryoEM analysis by preservation in vitreous ice. C-flat (Protochips, Inc.) carbon-coated grids were glow-discharged in a Solarus (Gatan, Inc.) plasma cleaner for 6 s (75% argon, 25% oxygen), on to which 3 ml aliquots of sample were placed. The grids were transferred to a Vitrobot (FEI Co.) that was set to maintain a temperature of 4 C and 100% humidity, with an offset of À2 mm. Grids were blotted for 4 s, immediately plunged into liquid ethane, and subsequently transferred to liquid nitrogen and stored until they were loaded into the electron microscope. Data were acquired on a Tecnai F20 Twin transmission electron microscope operating at 200 keV, using a dose of $30 e-/Å 2 and a nominal underfocus ranging from 1.8 to 3.0 mm. Two data sets containing 3,554 and 3,074 images were automatically collected using a nominal magnification of 80,0003 at a pixel size of 0.975 Å at the specimen level. We recorded all images with a Tietz F415 4K 3 4K pixel CCD camera (15 mm pixel) utilizing the Leginon data collection software (Suloway et al., 2005) .
Data Processing
Experimental data were processed by the Appion software package (Lander et al., 2009) , which interfaces with the Leginon database infrastructure. The contrast transfer function for each micrograph was automatically estimated and applied to the micrographs before particle extraction. A total of 30,677 particles were automatically selected from the micrographs and were subsequently assessed manually for accuracy. Mature particles were extracted at a box size of 1,280 pixels and binned by a factor of 2 for processing. The final stack contained 20,983 particles. We carried out the 3D reconstruction using the EMAN reconstruction package (Ludtke et al., 1999) followed by eight iterations of refinement with the Frealign package (Grigorieff, 2007) . Resolution was assessed by calculating the Fourier shell correlation at a cutoff of 0.5, which provided a value of 8.5 Å resolution. Prohead particles were observed alongside mature particles in the two cryoEM data sets, and 1,179 particles were manually selected. Particles were preprocessed in the same manner as the mature particles.
ACCESSION NUMBERS
The cryoEM density maps for the mature and immature phage are available at the EM Databank (http://www.emdatabank.org) under accession numbers 5382 and 5383, respectively.
